changes in behavior may be related to MA-induced alterations in vasopressin and the hypothalamic-pituitary-adrenal axis, especially in males.
treatment for MA abuse show higher levels of depressive symptoms and suicide ideation than adolescents being treated for other substances of abuse [10] . Adolescent rats self-administer MA at a significantly higher rate than adult rats [11] and show enhanced sensitivity to the rewarding properties of MA compared to adult rats immediately following MA exposure [12] . Furthermore, 14 days of MA exposure in adolescent mice results in longterm deficits in spatial memory and hippocampal plasticity following 21 days of abstinence [13] . Rats show longterm spatial learning impairments 30 days following adolescent MA exposure, but not when exposed to MA during pre-adolescence or adulthood [14] , suggesting that adolescence is a time when MA exposure can cause unique and long-lasting cognitive impairments. However, other studies suggest the adolescent brain may be partially protected from the toxic effects of MA. For example, male adolescent mice show less locomotor activation immediately following MA exposure compared to adult male mice [15] , and adolescent male rats do not show the same reductions in dopamine transporter (DAT) or tyrosine hydroxylase activity following 7 days of MA exposure as adult male rats [16] . Taken together, these data reflect the potential heightened psychological and behavioral risks adolescents face when using MA and the need for further research on the effects of MA on the adolescent brain.
MA also has effects on the stress response and the hypothalamic-pituitary-adrenal (HPA) axis, and thus MA may exert some of its behavioral and cognitive effects by activating the HPA axis and altering levels of the hormones associated with the HPA axis [2, 8, 17, 18] . HPA axis hyperactivity is associated with cognitive impairments and depression [19] [20] [21] . Following an average of 8 months of abstinence, adolescents who used MA for an average of 2.4 years show increased cortisol levels following a social stressor compared to controls [8] . Neonatal MA exposure in rodents from either postnatal day (PND) 11-15 or PND 11-20 is associated with large and prolonged increases in corticosterone and/or adrenocorticotropin-releasing hormone immediately following exposure [17, [22] [23] [24] . However, challenges to the HPA axis during brain development can lead to long-term impairments in the system later in life. For example, while neonatal MA exposure in rodents results in immediate increases in corticosterone levels [17, 23, 24] , it is often followed by a blunted corticosterone response to stress in adulthood [25] . Maternal separation, which is a neonatal stressor, decreases the number of vasopressin-immunoreactive cells in the paraventricular nucleus (PVN) of the hypothalamus in adult male rats [26] .
Furthermore, we recently showed that exposure to MA from PND 11-20 results in decreased vasopressin-immunoreactive cells in the PVN on both PND 20 and PND 90 in male mice [27] . As release of vasopressin from the PVN modulates adrenocorticotropic hormone release from pituitary gland and subsequent release of corticosterone from the adrenal gland [28] , these data suggest that MA exposure during early brain development could cause behavioral impairments and depression through dysregulation of the HPA axis.
The current study examined the long-term effects of early adolescent MA exposure (PND 30-31) in late adolescence (beginning on PND 41) and adulthood (beginning on PND 62) in male and female mice. Previous studies have shown that neonatal MA exposure from PND 11-20 impairs memory in the novel object recognition test [29] [30] [31] and the Morris water maze [29, [32] [33] [34] later in life. Thus, we examined the effects of adolescent MA exposure on memory in these tests. Previous studies have also shown that adult MA exposure impairs social interaction behavior [35] , and thus we were also interested in examining the effects of adolescent MA exposure on social behavior in the social interaction test. Finally, we were interested in examining the effects of adolescent MA exposure on depression-like behavior in the Porsolt forced swim test and on the stress response and HPA axis function as adolescent MA exposure in humans increases depression and suicide ideation compared to adolescents in treatment for other drugs of abuse [10] .
Methods
Mice Seventy-four C57BL/6J mice (37 male, 37 female) were used for this study. The mice were ordered from The Jackson Laboratory (Bar Harbor, Me., USA) and shipped on PND 24; they arrived in our colony on PND 27. Mice were weighed and housed by sex in groups of 4, except for 2 cages with 2 mice per cage (one cage of female mice and one cage of male mice in the late adolescent testing group). Two mice died of natural causes prior to the start of the study after shipping, thus leaving 2 cages with 3 mice per cage (one cage of female mice in the adult testing group and one cage of male mice in the adult testing group). The mice were weighed during the injection period (which began on PND 30) and every 2-3 days throughout the experiment following the injection period (see fig. 1 ). Mice were provided with food and water ad libitum. The mice were kept on a 12-hour light/dark cycle (lights on at 06: 00) and all behavioral testing took place during the light cycle in the morning, except for the Morris water maze where testing took place in the morning and afternoon. All procedures and testing protocols were approved by The University of the South's Institutional Animal Care and Use Committee.
Injections
(d)-MA hydrochloride (Sigma Aldrich, St. Louis, Mo., USA, CAS No. 51-57-0) was dissolved in 0.9% sterile saline to the appropriate concentration. Injections were administered to all mice on PND 30 and 31. This time period is considered early adolescence in mice [7] . The MA treatment consisted of 2 days of 4 × 7.5 mg/kg MA administered in 2-hour intervals (0.1-ml intraperitoneal injections). A small pilot study in our lab was used to select the dose of MA, and previous studies have used a similar injection schedule with lower doses of MA [36, 37] and higher doses of MA on a single day of injections [18] . Intraperitoneal saline injections (0.1 ml) were administered as a control following the same injection schedule. Saline and MA injections were counterbalanced across the sexes and within the housing cages.
Behavioral Testing
The mice were randomly assigned to one of two testing groups: late adolescents and adults. The groups underwent a battery of behavioral testing; the late adolescent age group began on PND 41 and completed testing on PND 52. The adult age group was tested PND 62 through PND 73 ( fig. 1 ). All mice were individually housed 3 days prior to behavioral testing. All mice were tested in the following behavioral tests in the following order: open field, novel object recognition, social interaction, Porsolt forced swim test, and the Morris water maze.
Open Field Locomotor activity and anxiety-like behavior were assessed in the open field test. The late adolescent group completed the open field test on PND 41. Adult mice were tested on PND 62. The mice were placed in a brightly lit 40 × 40 cm clear, Plexiglas arena. The innermost 20 × 20 cm of the arena was designated as the 'center' of the arena. The movement and location of the mice was recorded using Anymaze Video Tracking Software (Stoelting, Wood Dale, Ill., USA). The distance traveled within the arena and the percent distance moved in the center of the arena was recorded for a single 10-min session. The percent distance moved in center was used as a measure of anxiety-like behavior [38] . The arena was cleaned with 70% isopropyl alcohol between mice.
Novel Object Recognition Object memory was assessed in the novel object recognition test. The mice were habituated for 2 days in the same arenas that were used for open field testing, with no objects present, under dim lighting. The late adolescent group was habituated on PND 42 and 43, the adult group on PND 63 and 64. On each day, the mice underwent a single, 10-min habituation trial. The arenas were cleaned with 70% isopropyl alcohol between mice.
For the novel object recognition test, the mice were tested in three trials over two days. The late adolescent group was tested on PND 44 and 45. The adult group was tested on PND 65 and 66. Each trial lasted 10 min, with a 5-min intertrial interval between trials 1 and 2 and a 24-hour intertrial interval between trials 2 and 3. The same arenas were used for this test as for the open field test and habituation. In trial 1, two identical objects (plastic toy fish) were placed in opposing corners of the arena. In trial 2, one object was replaced by a novel object (plastic toy ball). The position of the novel object was counterbalanced across the treatment groups and the sexes. For trial 3 a second novel object (plastic toy car) replaced the first novel object. All objects were similar in size and texture. The time spent exploring each object was recorded by Anymaze Video Tracking Software when the mouse's nose was in the zone of the object but the body was not. The average time exploring all objects and the preference delta score for the novel objects (time spent exploring new object -time exploring old object) were calculated. The arenas were cleaned with 70% isopropyl alcohol between trials.
Social Interaction
Social behavior was assessed in the social interaction test. The late adolescent group was tested on PND 46 and the adult group was tested on PND 67. Two unfamiliar mice of the same sex and treatment type were tested in a single arena under red light in a single 5 min trial. The same arenas used in the open field test were used for the social interaction test. The duration of social behaviors of each pair of mice were scored by an experimenter who was blind to the treatment and sex of the mice. Social behaviors were defined as interactions between the mice including sniffing, following, and grooming one another [39] . One social interaction score was obtained for the two mice paired together for the test. There were an odd number of mice in each age group and thus not all of the mice were scored for social interaction.
Porsolt Forced Swim Test Depression-like behavior was assessed using the Porsolt forced swim test. The late adolescent mice were tested on PND 47. The adult group was tested on PND 68. A 1,000-ml glass beaker was filled with 700 ml of tepid water. Each mouse was placed in a beaker for 5 min. The amount of time spent immobile versus swimming was quantified using Anymaze Video Tracking Software. Increased immobility in this test is interpreted as increased depression-like behavior or learned helplessness in rodents [40] .
Morris Water Maze Spatial learning and memory were evaluated using the Morris water maze on PND 48 through 52 for the late adolescent group and PND 69 through 73 for the adult group. The maze (circular tub, 122 Timeline of injections and behavioral testing. Mice arrived in the colony on PND 27, and injections occurred during early adolescence from PND 30 to 31. The late adolescent group went through the behavioral testing battery from PND 41 to 52, and the adult group went through the behavioral testing battery from PND 62 to 73. cm diameter) was divided into four virtual quadrants by the Anymaze Video Tracking Software. The maze was filled with opaque water and all testing occurred under bright lighting. The mice were trained to locate a submerged platform hidden in one of the four quadrants in order to escape. On days 1 and 2 of testing, white curtains surrounded the maze and the platform was marked by a beacon for the visible component of training (nonspatial training; visible platform sessions). The curtains and beacon were removed on days 3 through 5 so that the mice had to use spatial cues from around the room to locate the platform (spatial training; hidden platform sessions). Each test day consisted of 2 sessions, one in the morning and one in the afternoon. Each session included three 60-second trials with a 10-15 min intertrial interval. If the mouse did not find the platform in 60 s, then it was led to the platform by the experimenter and allowed to remain there for 3 s before being removed from the maze. During the visible sessions, the platform was moved to a different quadrant for each session. During the hidden sessions, the platform remained in the same quadrant. Mice were placed in the water maze facing the wall of the pool at nine different drop locations around the pool. The drop location was alternated for each trial. Swimming patterns were recorded using the Anymaze Video Tracking Software. The speed and escape latency were measured.
Spatial memory was assessed in probe trials following the last training session on days 3, 4, and 5. Probe trials occurred approximately 1 h following the last hidden-session training trial. The platform was removed from the pool, and mice were given a single 60-second trial. The percent time in the target quadrant (the quadrant where the platform was previously located) and cumulative distance from the previous platform location were recorded. A smaller cumulative distance indicates swimming closer to the previous platform location and thus better spatial memory.
Vasopressin Immunohistochemistry and Quantification
On PND 53 or PND 54 for the late adolescent group and on PND 74 or PND 75 for the adult group, mice were deeply anesthetized with a cocktail containing 100 mg/kg ketamine, 10 mg/kg xylazine, and 2 mg/kg acepromazine and were transcardially perfused with phosphate-buffered saline (PBS) followed by 4% paraformaldehyde (pH = 7.4). Brains were removed and post-fixed overnight in 4% paraformaldehyde at 4 ° C, transferred to 30% sucrose solution, and embedded in cryoprotectant. Serial coronal sections (50 μm) were collected onto Superfrost microscope slides (Fisher Scientific, Pittsburgh, Pa., USA) through the PVN of the hypothalamus (Bregma -0.19 to -2.44 mm) with a 150-μm intersection distance [41] . Sections were incubated for 2 h at room temperature in a blocking solution (5% normal donkey serum in PBS containing 0.2% Triton X-100), followed by incubation overnight at 4 ° C in rabbit anti-vasopressin (1: 100; ImmunoStar, Hudson, Wisc., USA) primary antibody. Following 4 washes with PBS containing 0.2% Triton X-100 (10 min each) and 1 wash with PBS (15 min), sections were incubated for 2 h at room temperature in donkey anti-rabbit (1: 100) for fluorescent visualization (Life Technologies, Grand Island, N.Y., USA). Following 4 washes in PBS containing 0.2% Triton X-100 (10 min each) and 1 wash with PBS (15 min), the sections were covered with anti-fade solution containing a DAPI counterstain (Vectashield, Vector Laboratories) and were cover slipped (Fisher Scientific).
Quantification of vasopressin-expressing cells was performed using an Olympus IX81 confocal microscope (Olympus, Center Valley, Pa., USA) by a researcher blinded to the experimental group of the animals. Three to five bilateral sections containing the PVN were captured using a 10× objective (UPlan FL, Olympus) from 4 mice per treatment, sex, and age group. Previous studies from our lab show that this group size is large enough to detect significant effects of developmental MA exposure on vasopressin expression [27] . However, due to tissue damage in one brain, only sections from 3 mice from the adult saline male group were quantified. Vasopressin-immunoreactive cells were counted within PVN containing sections of each animal using Slidebook software (Intelligent Imaging Innovations, Inc., Denver, Colo., USA).
Statistical Analysis
For each behavioral and cognitive outcome measure and the number of vasopressin-immunoreactive cells in the PVN, a threeway analysis of variance (ANOVA) was conducted to test for main effects of, and interactions between, age, sex, and treatment. Any significant interactions were further explored in two-way or oneway ANOVAs. Performance in the Morris water maze and differences in weight were assessed over time with a repeated measure ANOVA, with session and day as the repeated factor, respectively. All statistical analyses were conducted using SPSS software (IBM, Armonk, N.Y., USA). Data are presented as means ± standard error of the mean (SEM). A significance level of p ≤ 0.05 was used for all statistical tests.
Results

Weights
The weights of the mice were recorded from the day they arrived in the colony (PND 27) until the first day of behavioral testing (PND 41; table 1 ). A repeated-measure ANOVA was used to assess potential weight differences between the groups on each day that weights were obtained. All mice gained weight over the time period measured, as indicated by a main effect of day [F (1, 70) = 1,113.74, p < 0.01]. There were no differences between the treatment groups in weight on any day except for the second day of injections (PND 31) and on PND 37, as indicated by a two-way interaction between day and treatment [F (1, 70) = 11.78, p < 0.01]. Post-hoc analyses revealed that on the second day of injections (PND 31), the saline-treated mice weighed significantly more than the MA-treated mice [F (1, 72) = 17.41, p < 0.01; table 1 ]. On PND 37, however, the MA-treated mice weighed significantly more than the saline-treated mice [F (1, 72) = 5.76, p = 0.02; table 1 ]. Other than these 2 days, there were no significant differences in weight between the saline-and MA-exposed mice. Overall, male mice weighed more on average (17.1 ± 0.2 g) than female mice (15.1 ± 0.1 g), as indicated by a main effect of sex [F (1, 70) = 132.63, p < 0.01].
Open Field
There was no main effect of age, treatment, or any interactions between the factors on total distance moved ( table 2 ) 
Novel Object Recognition
For the average total time exploring all objects during the novel object recognition test, there were no main effects of sex or treatment, but there was a main effect of age group [F (1, 66) = 9.58, p < 0.01]. There was also a sex × age group interaction for average time exploring all objects [F (1, 66) = 6.36, p = 0.01]. Post-hoc analyses indicated that among the adult mice, the males spent a greater average time (96.8 ± 12.78 s) exploring the ob- ( table 2 ) . There were no significant interactions for the delta preference score in trial 3.
Social Interaction
There were no significant effects of treatment, sex, or age on the duration of the social behaviors in the social interaction test ( table 2 ) . There were also no interactions between any of these factors in the social interaction test.
Porsolt Forced Swim Test
There was a main effect of treatment on the percent time spent immobile in the Porsolt forced swim test [F (1, 66) = 6.86, p = 0.01]. MA-treated mice spent a significantly greater amount of time immobile compared to the saline-treated mice ( fig. 2 ). There were no main effects of age or sex or significant interactions between them for percent time spent immobile in the Porsolt forced swim test.
Morris Water Maze
For the visible platform nonspatial sessions of the Morris water maze, there was a session × age group interaction for swim speed [F (3, 198 However, there were no main effects of sex, treatment, or age group, or any interactions between them, for latency to find the platform during the hidden sessions ( table 2 ) .
There were no significant effects of treatment, sex, or age on cumulative distance from the platform location or percent time spent in the target quadrant during the probe trials ( table 2 ) . There were also no interactions between these factors on cumulative distance from the platform location or percent time spent in the target quadrant during the probe trials.
Vasopressin Immunohistochemistry
For the average number of vasopressin-immunoreactive cells in the PVN, there were no main effects of treatment, sex, or age group, but there was a three-way interaction between treatment, sex, and age group [F (1, 23) = 4.62, p = 0.04]. Because previous data suggest sex differences in the effects of MA [29] , we explored the interaction in the male and female mice separately. Among the female mice, there was no main effect of treatment or age group, or an interaction between them, on the average number of vasopressin-immunoreactive cells in the PVN. Among the male mice, there was a marginally significant interaction between treatment and age group [F (1, 11) = 4.85, p = 0.05]. Post-hoc analyses revealed that while there was no effect of treatment among the adult male mice, there was an effect of treatment among the late adolescent male mice [F (1, 6) = 14.07, p = 0.01], with MA-exposed Mice exposed to MA during early adolescence showed more immobility (greater depression-like behavior) in the forced swim test compared to mice exposed to saline, regardless of sex and age (main effect of treatment; p < 0.05). There were 9-10 mice per treatment, sex, and age group.
late adolescent male mice showing fewer vasopressin-immunoreactive cells in the PVN compared to saline-exposed late adolescent male mice ( fig. 3 ).
Discussion
The purpose of this study was to assess the effect of early adolescent MA exposure on cognition, behavior, and the PVN vasopressin system in late adolescence and adulthood. Consistent with our predictions, we found higher depression-like behavior in the forced swim test among the MA treatment group compared to the saline treatment group. We also found that early adolescent MA exposure decreased the number of vasopressin-immunoreactive cells in the PVN of late adolescent male mice. To the best of our knowledge this is the first study to examine the effects of adolescent MA exposure on depression-like behavior, and our findings suggest this is a good model of the increased depression seen in human adolescents exposed to MA. All mice exposed to MA showed significantly greater depression-like behavior in the Porsolt forced swim test than mice exposed to saline regardless of sex or age. However, upon examining the data, it became clear that the main effect of treatment was driven by greater differences among the treatment groups in the male mice. Furthermore, previous data suggest that there are sex differences in the effects of MA on cognitive function [29] . Thus, we were interested in exploring the differences between the sexes in these data and examined the effects of treatment among the male and female mice separately in an exploratory analysis. Two-way ANOVAs with treatment and age group as factors revealed that there was no main effect of treatment or age group on the percent time immobile in the Porsolt forced swim test in female mice. However, there was a treatment × age group interaction among the male mice (p = 0.04). Post-hoc analyses showed that while there was no effect of treatment among the adult male mice, the late adolescent MA-exposed male mice spent significantly more time immobile compared to the late adolescent saline-exposed male mice (p = 0.02), suggesting increased vulnerability to the effects of MA among males at an early age. This result must be interpreted with caution, however, as the effect seems to be caused by a decrease in percent time immobile among the late adolescent saline-exposed male mice rather than an increase among the late adolescent MAexposed male mice. Nonetheless, this result suggests that future studies should be aware of and examine potential sex differences in the effects of early adolescent MA exposure.
In general, the findings from the Porsolt forced swim test in this study are interesting as they parallel findings in human MA users. Adolescents in treatment for MA use show higher levels of depressive symptoms and sui- Late adolescent saline-exposed male mice ( a ) had significantly more vasopressin-immunoreactive cells than late adolescent MA-exposed male mice ( b ). There were no significant differences in the number of vasopressin-immunoreactive cells between adult saline-exposed male mice ( c ) and adult MA-exposed male mice ( d ). cide ideation compared to adolescents being treated for other substances of abuse [10] . At neurotoxic levels, MA use has been shown to reduce the density of DAT in the reward pathway and frontal cortex, as well as reduce the density of serotonin transporters in the adult brain [42] . Reduced serotonin and DAT density could disrupt neurotransmission and lead to dysfunction in the serotonin and dopamine neurotransmitter systems, both of which are implicated in depression [43, 44] . However, previous research suggests that adolescent rodents are resistant to the neurotoxic effects of MA on DAT and tyrosine hydroxylase activity compared to adult rodents [16] . This resistance to the neurotoxic effects of MA on the dopamine system may be due to increased vesicular monoamine transport of dopamine into vesicles and increased levels of functionally active DAT in the adolescent compared to the adult rodent brain [45] . These findings suggest that the increased levels of depressive-like behaviors among the MA-exposed mice in the current study are a result of something other than MA's effects on the DAT system. MA's effects on the vasopressin cells in the PVN may cause increased depressive-like behavior among the MA-exposed male mice. In agreement with previous data examining the effects of neonatal MA exposure on the vasopressin system in male mice [27] , our data show that MA exposure during early adolescence decreased the number of vasopressin-immunoreactive cells in the PVN in the late adolescent male mice. Previous studies in rodents have shown that MA exposure immediately increases corticosterone levels [17, 22, 23] and heavy use of MA in humans alters the levels of hormones associated with the HPA axis [2, 8] . Taken together, these data suggest that MA exposure during early adolescence may lead to dysregulation of the HPA axis, resulting in a decrease in the vasopressin-immunoreactive cells later in adolescence among male mice. It may be the case that the immediate increases in corticosterone levels following MA exposure lead to subsequent impairments in the HPA axis. Furthermore, the impairments in the HPA axis and vasopressin system seem to recover with abstinence, as there was no significant decrease in vasopressin-immunoreactive cells in the PVN in the adult male mice.
Previous research shows that female mice are more vulnerable to the long-term cognitive and neurotoxic effects of postnatal MA exposure [29, 30, 46] . Females also have a higher propensity of using MA during adolescence [10] and show a greater plasma corticosterone release following neonatal and adult MA exposure [22, 47] compared to males. This might be related to reduced negative feedback in females, resulting from reduced activation of glucocorticoid receptor-positive neurons in the CA3 region of the hippocampus and cingulate cortex [47] . To the best of our knowledge, this is the first study examining the effects of MA exposure during early adolescence on depression-like behavior and the vasopressin system in rodents, and our findings suggest that in adolescence the female mice were not more vulnerable to the effects of MA, and if anything, the male mice may have shown an increased vulnerability to the effects of MA on depression-like behavior. Differential brain growth patterns between males and females could cause disparities in sensitivity to the effects of MA during early adolescence. Studies also suggest sex differences in the vasopressin system. For example, adult male mice show denser vasopressin innervations originating from the PVN compared to adult female mice [48] and early adolescent male rats show higher levels of vasopressin mRNA in the amygdala compared to early adolescent female rats [49] . The potential differences in the vasopressin system between male and female mice during early adolescence may result in the system being more vulnerable to MA among males. Further research is warranted to examine the relationship between MA-induced changes in the vasopressin system and the mechanism underlying the sex differences in the effects of early adolescent MA exposure.
Contrary to our hypotheses, MA did not affect memory in either the novel object recognition test or the Morris water maze, did not have profound effects on anxietylike behavior, and did not alter social behavior in the social interaction test. The results of the open field showed that adult MA-exposed mice moved a greater percent distance in the center of the arena compared to the adult saline-exposed mice, which would be interpreted as less anxious behavior. However, these data were not statistically significant and represented only a trend. Further study, perhaps with a larger sample size, is needed to determine whether this result is related to early MA exposure. Studies in adult rats treated with a single day of 4 × 5 mg/kg injections of MA showed significant deficiencies in object recognition memory for up to 3 weeks after MA exposure [50] . These data suggest that adolescent animals may be resistant to MA's effects on memory, although further research is needed to see if there are effects immediately after MA exposure in early adolescence that dissipate over time with abstinence. Previous research has also shown that MA exposure in adult rats decreases social interaction [35] . This suggests that adolescents are potentially partially protected from the ef-fects of MA with the specific dosing paradigm used in the current study, as our mice exposed to MA during early adolescence showed no deficits in social interaction later in life. This relative resistance to the behavioral effects of MA may be due to the differences in the dopamine system in adolescence compared to adulthood described above [16, 45] , although future research examining the DAT and dopamine function following early adolescent MA exposure is warranted. Different doses of MA during adolescence may have effects on memory and social behavior, and future research is warranted to examine this possibility. Indeed, other research has shown that adolescent rodents have increased susceptibility to the long-term memory impairments caused by MA compared to younger and older rodents [14] , suggesting that different doses and different cognitive and behavioral tests may reveal more effects of adolescent MA exposure in mice.
Future studies might increase the dose of MA in adolescence to see if more severe behavioral and cognitive effects can be induced. The dose of MA used in the current study was based on previous studies using similar dosing paradigms [36, 37] . It is difficult, however, to know if this dose parallels the doses of MA used by adolescents. According to King et al. [9] , adolescents in treatment for MA abuse use on average about 0.57-1.17 g of MA per day. Extrapolating human self-administered doses of MA to rodents is a challenge considering the pharmacokinetic differences between species. Doses of MA that are self-administered in adult humans (average 1.6 g/ day) are sufficient to cause long-term reductions in striatal DAT levels [1] . In adult mice, 20 mg/kg reduces striatal DAT levels to 50% while 40 mg/kg reduces levels to approximately 25% of control values [51] . We based our dose of 7.5 mg/kg MA (4 injections per day for 2 day) on previous studies in rodents showing 10 mg/kg dose (4 injections for only one day) induced decreases in dopamine levels in adult mice [18] , while 5 mg/kg dose (4 injections for 2 days) in adolescence induced decreases in the dopamine system in adult mice [37] . Based on the finding that these doses impair dopamine function, we predicted that our dose was also neurotoxic and thus had similar effects to those doses used in human MA-abusing populations. However, the lack of significant effects on some of the cognitive tests in our study suggests higher doses may be needed in future studies.
From the results of our study, we cannot distinguish between the effects of adolescent MA exposure that are truly related to age and those that are related to abstinence. In other words, the adolescent mice began behavioral testing 10 days after MA exposure, while the adult mice began testing 31 days after MA exposure. Thus, differences between the age groups could be due either to the age at testing or due to differences in abstinence. Future studies should examine the same adult ages as the current study, but include the same drug treatment in adulthood that ends 10 days before testing in order to begin to address this question.
In summary, the findings from this study suggest that MA exposure during early adolescence increases depression-like behavior in male and female mice and decreases vasopressin-immunoreactive cells in the PVN in late adolescent male mice. MA-induced alterations in the vasopressin system and HPA axis may contribute to increases in depression-like behavior following adolescent MA exposure. Future studies with this rodent model of MA exposure during early adolescence are warranted to better understand the association between MA-induced decreases in vasopressin cells and increases in depressionlike behavior.
